Defining the processes of autoimmune attack of tissues is important for inhibiting continued tissue destruction. In type 1 diabetes, it is not known how cytotoxic effector T cell responses evolve over time in the pancreatic islets targeted for destruction. We used two-photon microscopy of live, intact, individual islets to investigate how progression of islet infiltration altered the behavior of infiltrating islet-specific CD8 + T cells. During early-islet infiltration, T-cell interactions with CD11c + antigen-presenting cells (APCs) were stable and real-time imaging of T cell receptor (TCR) clustering provided evidence of TCR recognition in these stable contacts.
Defining the processes of autoimmune attack of tissues is important for inhibiting continued tissue destruction. In type 1 diabetes, it is not known how cytotoxic effector T cell responses evolve over time in the pancreatic islets targeted for destruction. We used two-photon microscopy of live, intact, individual islets to investigate how progression of islet infiltration altered the behavior of infiltrating islet-specific CD8 + T cells. During early-islet infiltration, T-cell interactions with CD11c
+ antigen-presenting cells (APCs) were stable and real-time imaging of T cell receptor (TCR) clustering provided evidence of TCR recognition in these stable contacts. Early T cell-APC encounters supported production of IFN-γ by T effectors, and T cells at this stage also killed islet APCs. At later stages of infiltration, T-cell motility accelerated, and cytokine production was lost despite the presence of higher numbers of infiltrating APCs that were able to trigger T-cell signaling in vitro. Using timed introduction of effector T cells, we demonstrate that elements of the autoimmune-tissue microenvironment control the dynamics of autoantigen recognition by T cells and their resulting pathogenic effector functions.
autoimmunity | T-lymphocyte reactivation | 2-photon microscopy L ittle is known about the maintenance of autoreactive effector T cell activation within peripheral tissues such as the pancreatic islets. Until recently, peripheral tissues were frequently viewed as sites of predetermined T cell effector function that do not require T-cell restimulation by local professional antigenpresenting cells (APCs). Recently, focus has been placed on the role of APCs in T-cell restimulation in peripheral tissues. In viral infection and vaccination models, dendritic cells (DCs) in peripheral tissues are required to induce T cell effector cytokine production and proliferation (1) (2) (3) . Additionally, in a model of multiple sclerosis, T-cell restimulation by peripheral-tissue APCs promoted effector-cytokine production and infiltration into the central nervous system (4) . In models of type 1 diabetes (T1D), it has been suggested that increased T cell effector functions are acquired in the islets (5) and that T-cell restimulation by DCs is required for CD4 T-cell entry into the islets (6) .
In models of T1D, autoreactive T cells are initially activated by DCs in the draining pancreatic lymph node (PLN) (7) (8) (9) and can then home to the islets. Once islet infiltration is established, the disease can sustain itself within the islets and progresses following PLN or spleen excision (7) . Systemic depletion of CD11c + cells either promotes or prevents disease depending on when during disease progression the depletion is performed (10) , raising questions about whether the role of CD11c + cells varies depending upon the site and timing of antigen presentation.
We and others have shown that, in the pancreatic islets, tissue resident CD11c
+ APCs are present in the steady state (11-13) and additional CD11c + APCs are recruited upon islet infiltration (11) . Here, we sought to understand how these APCs modulate the effector state of islet-infiltrating T cells through antigenic restimulation over the course of islet infiltration. We identified distinct phases of T-cell restimulation by analyzing islets at various stages of islet infiltration. Early infiltration was defined by prolonged restimulating T-cell interactions with islet APCs, which were characterized by classical synapses that induced T cells to secrete cytokines and endowed them with the ability to kill their cognate APC. However, heavily infiltrated, late-stage islets lacked sustained restimulating T cell-APC interactions, an effect that we traced to changes in the islet environment.
Results

T-Cell Motility in the Islets Is Increased with Severity of Islet
Infiltration. To determine how restimulation of islet-infiltrating T cells at the disease site influences T-cell pathogenicity, we used the RIP-mOva tissue-specific autoimmune disease model. In this model, membrane-bound ovalbumin (ova) is expressed under the rat insulin promoter (14) . Adoptive transfer of large numbers of ova-specific OT-I CD8 T cells (5-10 × 10 6 per mouse) results in islet destruction and overt diabetes although, if mice survive, tolerance is reestablished by autoreactive T-cell deletion (15) . In our colony, islet infiltration begins approximately 4 d after T-cell transfer, with 30% of recipients developing diabetes 5-14 d after T-cell transfer.
Red fluorescent OT-I.CD2-dsRed T cells (16) were transferred into RIP-mOva recipients with yellow CD11c + cells (17) (RIP-mOva.CD11c-YFP). Islets were isolated by collagenase digestion of the pancreas, immobilized in low melting temperature agarose, and visualized by two-photon (2P) microscopy. As in human type 1 diabetes, infiltration of the islets was asynchronous, with uninfiltrated-to-destroyed islets residing in the same pancreas. Thus, we categorized the severity of individual islet infiltration volumetrically. In light, mid, and heavy infiltration, T cells occupied <4%, 4-13%, or >13% of the islet volume, respectively ( Fig. S1 A and B) . Day 4 post-T-cell transfer included primarily light and uninfiltrated islets whereas day 7 included primarily mid to heavy infiltrated islets (Fig. S1C) . Islets analyzed were selected based on the ability of individual T Significance Autoimmunity is self-perpetuating within the islets at the time of type 1 diabetes diagnosis. However, little is known about how pathogenic effector T cell functions are stimulated within the islets. Here, we show that the infiltration state of the islet affects T cell interactions with antigen-presenting cells and corresponding T cell effector cytokine production within the islets. This work identifies a restimulation event that is modified by the local islet environment as a critical step in the expression of T cell effector functions and autoimmune tissue destruction. cells to be tracked. As a result, islets with dense foci of infiltration and uninfiltrated islets are not represented.
To determine whether islet-infiltrating T cells were likely to be engaging in prolonged interactions with APCs or targets, their motility was analyzed in isolated islets. To allow tracking of individual cells in mid and heavy infiltrated islets, 10% fluorescent OT-I.CD2-dsRed T cells (red) and 90% unlabeled OT-I T cells were cotransferred into RIP-mOva recipients (Fig. 1A and Movie S1). After 4-7 d, islets were imaged by 2P microscopy, and the fluorescent cells were analyzed. Representative tracks from 10 min of T-cell tracking showed reduced T-cell motility in islets with light infiltration compared with islets with mid or heavy infiltration ( Fig. 1 A and B and Movie S1). This change in T-cell motility was confirmed by analysis of the mean squared displacement (MSD) over time (Fig. 1C) , which is a measure of the ability of a T cell to move away from its point of origin. The MSD showed that T cells in islets with light infiltration had significantly less displacement than T cells in islets with mid or heavy infiltration (Fig. 1C) . Analyses of average T-cell crawling speed (Fig. 1D ) and T-cell arrest coefficient (Fig. 1E ) also supported the conclusion that T cells in the light phase of islet infiltration were arrested. The arrest coefficient is the percentage of time that T cells crawled ≤2 μm/ min. In islets on day 4 post-T-cell transfer, T cells showed little crawling and increased arrest whereas, by days 6 and 7, the T cells in the islets had achieved an apparent maximal motility rate (Fig.  1D) . Together, these data show that T cells arrested motility in lightly infiltrated islets, possibly due to antigenic signaling, but gained motility with more extensive islet infiltration.
T Cells Arrest on CD11c
+ Cells During Early-Islet Infiltration. Because our data showed T-cell arrest at early stages of islet infiltration, we sought to determine whether this arrest was due to interactions with CD11c + APCs. To do so, we quantified T cellCD11c + cell interactions. In islets with light infiltration, many T cells that were in close proximity to a CD11c + cell had sustained interactions with that CD11c
+ cell for ≥10 min [ Fig. 2A (filled arrows) and B-E and Movie S2], but T cells also arrested without contacting CD11c
+ cells ( Fig. 2A , open arrows and Movie S2). T cells that arrested without contacting CD11c
+ cells likely represent interactions with beta cells (18) , which were not visualized in our experiments. In contrast, in islets with mid and heavy infiltration, T cells frequently contacted CD11c
+ cells (Movie S3 and Fig. 2B ), likely due to the increased density of both cell types; however, few of these contacts were sustained ( Fig. 2 C-E and Movie S3). Overall, the T cells in islets with mid and heavy infiltration showed little stopping or sustained T cell-APC interactions. These data demonstrate that increased T-cell arrest in lightly infiltrated islets is associated with sustained T cellCD11c+ APC interactions. In contrast, motile contacts dominated in mid and heavy infiltrates.
PD-1-PD-L1 Interactions Do Not Regulate Changes in T-Cell Motility
with Heavy Islet Infiltration. We next sought to determine whether checkpoint receptors or regulatory T cells were likely to be influencing the change in T-cell motility and APC interactions as islet infiltration progressed. To do so, we first stained the isletinfiltrating T cells for FoxP3, PD-1, LAG-3, and CTLA-4. We found a reduction in the percentage of FoxP3 + T cells as islet infiltration progressed (Fig. S2A ), making it unlikely that the changes in T-cell motility and interactions were due to the effects of regulatory T cells. Expression of PD-1, LAG-3, or CTLA-4 on the islet-specific OT-I T cells did not change over the course of islet infiltration (Fig. S2B ). Although expression of the checkpoint receptors did not change with islet infiltration, it is possible that ligand expression for these receptors was modulated. Our previous data showed that MHC class II, the ligand for LAG-3, is always highly expressed on CD11c + APCs in the islets (11) . We had also analyzed the expression of CTLA-4 ligands, and, whereas CD80 is modulated with islet infiltration, CD86 is always highly expressed on CD11c + APCs in the islets (11) . The lack of modulation of LAG-3 and CTLA-4 and their ligands suggests that these receptors are unlikely to be mediating changes in T-cell motility and interactions.
We analyzed the expression of the PD-1 ligand PD-L1 on the CD11c + APCs and beta cells and found that PD-L1 expression was modulated with islet infiltration (Fig. S3A) . As a result, we used an anti-PD-1 antibody to block PD-1 interactions with its ligands or an isotype control and analyzed T-cell motility on day 7 following T-cell transfer. Blockade of PD-1 did not prevent the acceleration of T-cell motility or reduction in T-cell arrest at late stages of islet infiltration (Fig. S3B ).
Islet APCs from Early-and Late-Islet Infiltration Present Islet Antigen
and Support T-Cell Interactions and Signaling. Because T-cell arrest and sustained T cell-CD11c + cell interactions varied with islet infiltration, we wanted to test whether the CD11c + APCs from early-and late-islet infiltration were equivalently able to present islet antigen and support T-cell signaling. We sorted CD11c + MHC-II hi APCs from islets at early (day 4.5) and late (day 7) time points of infiltration and incubated the sorted APCs with in vitro-activated OT-I T cells labeled with the calcium-sensitive dye Fura-2AM. As a readout of antigen presentation, T-cell calcium flux was analyzed during T cell-APC interactions using widefield fluorescence microscopy. Antigen-pulsed CD11c + MHC-II hi APCs sorted from the spleen were used as a positive control (Fig. 3) . CD11c + APCs sorted from WT islets did not induce T-cell calcium fluxes and had a lower frequency of T cell-APC interactions (Fig. 3) . In contrast, APCs sorted from antigen-containing early-(day 4.5) and late-(day 7) infiltrated islets showed equivalent abilities to induce T-cell interactions and calcium flux (Fig. 3) . While participating in sustained interactions with T cells, islet APCs induced weak calcium signaling compared with the positive control (Fig. 3) , likely due to low levels of endogenous antigen being presented (Fig. S4) . Surprisingly, although islet-specific T cells differentially responded to CD11c + cells in the islets during early vs. late infiltration in vivo, we observed that the APCs from these two conditions were equally able to trigger T cells in vitro. Although this assay indicated that APCs from early-and late-infiltrated islets were equally able to present antigen to trigger T-cell signaling, the T-cell signaling could lead to either stimulation or tolerance.
Islet CD11c
+ Cells Cross-Present Islet Antigens to T Cells to Induce T Cell Receptor Signaling at the Disease Site. To directly determine whether the T cell-CD11c + cell interactions observed within the islets also induce T cell receptor (TCR) signaling, we used T cells from the OT-I−GFP mouse (19) . This biosensor allows visualization of TCR dynamics in vivo, with TCR clustering and/or internalization reporting TCR signaling (19) . During T cellCD11c + cell interactions in the islets, we observed clear TCR clustering at the T cell-CD11c + cell interface (Fig. 4A ). This TCR clustering shows that TCRs are engaging peptide-MHC complexes on CD11c
+ cells in the islets. Together, T-cell motility arrest on CD11c + APCs and TCR signaling detected with this biosensor demonstrate that islet CD11c
+ APCs serve to restimulate infiltrating T cells.
We then sought to understand the consequences of such T cell-APC engagements. Because OT-I T cells kill targets upon recognition, we asked whether these islet-infiltrating cytotoxic T lymphocytes were able to kill the CD11c + APCs that presented autoantigen to them (Fig. 4 B and C and Movie S4). We visualized lysis of APCs by the rapid loss of cytoplasmic fluorescence of CD11c-YFP + cells (Fig. 4B) . Although relatively variable between islets, CD11c + cells died during interactions with T cells in 20% of interactions in islets with light infiltration, but CD11c + cell death was almost undetectable in islets with mid or heavy infiltration (Fig. 4C ).
Environmental Cues in the Islet Regulate T-Cell Motility and
Restimulation That Induces IFN-γ Production. The data thus far indicate an infiltration-dependent shift in interaction dynamics between T cells and APCs (Fig. 2) , despite the fact that APCs from heavily infiltrated islets were still capable of delivering antigenic stimuli when tested ex vivo (Fig. 3) . We therefore sought to determine whether the changes in T-cell motility and expression of T cell effector functions correlated with the state of islet infiltration or the duration of T-cell residence within the islet. To determine whether motility changes were dictated by environmental or T-cell intrinsic mechanisms, we transferred differentially marked OT-I T cells into RIP-mOva or WT hosts to track T cells that were in the same environment for different periods of time (Fig. 5A ). On day 5 or 7 following transfer, corresponding to days in which light and midheavy infiltration was prevalent, islets from recipients designated for imaging experiments were harvested and analyzed by two-photon microscopy. Consistent with our previous analyses, we found a lower arrest coefficient in day 7-infiltrated islets versus day 5-infiltrated islets (Fig. 5D ).
To determine whether this reduction in T-cell arrest resulted from a T cell-intrinsic change or a change in the islet environment, we performed serial T-cell transfers into the same recipients (Fig. 5A) . If the differences were T cell-intrinsic, we would expect the T-cell populations transferred at different times to show differences in their motility despite a shared environment. If the differences resulted from environmental changes, we would expect the T cells transferred at different times to have similar behavior in the same environment. When islets had been infiltrated for 7 d, both populations of T cells behaved similarly; a low arrest coefficient was observed in the T cells that had been in mice for 5 d or 7 d (Fig. 5D) . These results support a model in which T-APC dynamics were driven by the state of organ infiltration rather than the T-cell history.
The same conditions were used to analyze IFN-γ production as a readout of T cell effector function (Fig. 5A) . Recipients for this analysis were treated in vivo with Brefeldin A to prevent cytokine secretion so it could be detected by intracellular cytokine staining. We found no significant IFN-γ production in draining or nondraining lymph nodes at the time points analyzed. However, on day 5 following T-cell transfer, there was significant IFN-γ production in the islets (Fig. 5 B and C) , correlating with the day 4-5 time point when T-cell arrest and sustained interactions were seen (Figs. 1E, 2 D and E, and 5D ). These data support the conclusion that the T-cell signaling observed in islets with light infiltration induces a restimulation event that leads to effector cytokine production.
A significant reduction in IFN-γ production was observed by day 7 following T-cell transfer (Fig. 5 B and C) . This reduction in IFN-γ production correlated with an increase in T-cell motility and a decrease in T-cell arrest (Figs. 1 D and E and 5D ). This correlation suggests that, in the absence of the restimulation occurring in arrested T cells, effector cytokine production was lost. Our results also showed diminished IFN-γ production and motility arrest 7 d posttransfer in both the early and late T-cell populations when tandem T-cell transfers were done. These results suggest that an environmental change induced increased T-cell motility and reduced T-cell arrest, leading to loss of effector cytokine production at the disease site (Fig. 5 B and C) . A loss of CD25 expression on the transferred islet-specific T cells was also observed concomitant with the loss of T cell-APC interactions and IFN-γ production (Fig. 5E) . Together, these data suggest that T-cell restimulation leading to effector cytokine production occurs during early-islet infiltration and is then lost due to environmental factors within the islet with increased infiltration.
CD11c
+ APC Populations Change with Islet Infiltration. Because our data showed a loss of T-cell interactions with CD11c
+ APCs and T cell effector function with increasing islet infiltration, we analyzed whether the CD11c + APC population changed with increasing infiltration. We found that recruitment of new populations of CD11c + APCs can be identified by CX3CR1 expression ( Fig. 5 F-H and Fig. S5) Fig. S5 B and C). Upon infiltration, local proliferation is insufficient to account for the increase in islet CD11c + APCs, suggesting APC recruitment (11) . The resident CX3CR1
high APC populations remained with infiltration, and additional populations of CX3CR1 low cells were rapidly recruited to the islets with numbers that correlated with the degree of islet infiltration (Fig. 5 G-H and Fig. S5B ). The recruited CX3CR1
low APCs were predominantly CD11b + but included some CD103 + cells (Fig. S5C) . Changes in the local functionality of resident versus recruited APCs may affect T-cell motility and interactions with increasing islet infiltration.
IFN-γ Production by Islet-Specific T Cells Is Required for Full Islet
Infiltration and Disease Induction. IFN-γ production was lost as islet infiltration increased and T cell-CD11c+ cell interactions waned. IFN-γ production is suggested to be required for T-cell recruitment to the islets and disease acceleration (20, 21) . To confirm that IFN-γ production affects this model, we analyzed T-cell infiltration of the islets and diabetes incidence (Fig. S6) . We found a significant decrease in islet infiltration by IFN-γ-deficient T cells with no IFN-γ-dependent change in T-cell accumulation or expansion in draining or nondraining lymph nodes (Fig. S6A) . Additionally, diabetes was not induced by IFN-γ-deficient T cells, compared with 30% diabetes incidence in mice that received WT T cells (Fig. S6B) . Taken together, our data suggest that T-cell restimulation at the disease site is an integral part of the early phase of disease, being necessary both for effector cytokine production and for accelerated infiltration by T cells.
Discussion
The presented data demonstrate that T cell-APC interactions at the autoimmune disease site are modulated with disease progression and affect the effector state of autoreactive T cells. Our results show clear differences in T-cell behavior at the autoimmune disease site as islet infiltration and destruction progress. Using two-photon microscopy allowed us to investigate how progression of islet infiltration altered infiltrating T-cell behavior in situ within individual islets. The increased T-cell arrest and sustained T cell-APC interactions seen early in islet infiltration were associated with T cell effector cytokine production. On the other hand, as disease and tissue destruction progressed, T-cell motility increased and sustained interactions with APCs were lost, resulting in decreased effector cytokine production. Antigen presentation to T cells in the draining lymph nodes is critical for the initiation of autoimmunity. However, patients have established disease at diagnosis, so disrupting the initiation of disease is not a viable option. As a result, we chose to interrogate how antigen presentation and T-cell restimulation at the disease site promote and maintain the ongoing disease process. Our data suggest that, whereas T cells might be primed to produce effector cytokines such as IFN-γ during activation in the draining lymph node, they do not actually produce the effector cytokine until they are restimulated at the effector site. This obligate restimulation in the islet demonstrates a previously unidentified step in the progression of islet-specific autoimmunity and provides an important point of potential intervention when autoimmunity is already established.
Studies in the secondary lymphoid organs show that sustained interactions lead to T-cell activation whereas aborted or shortlived interactions result in tolerance (refs. 22-28 , and reviewed in ref. 29) . Although functional outcomes of T cell-APC interactions might be different in activated T cells in peripheral tissues, it is notable that we observed a reduced number of sustained interactions as infiltration progressed. One interpretation of these data is that we may be observing deletional tolerance as islet infiltration increases because the transfer of OT-I T cells in the RIP-mOva model eventually results in deletional tolerance. However, dying T cells arrest motility, and we observed increased T-cell motility in mid to heavy infiltrated islets, making it unlikely that these T cells were acutely dying. Additionally, in the NOD model, we see the same changes in CD4 T-cell motility with increased islet infiltration, suggesting that this progression is relevant in vastly different models of islet autoimmunity.
T cell-APC interactions have been suggested to promote entry into the autoimmune target tissue (4, 6) and effector cytokine production (4). On the other hand, in a mammary carcinoma tumor model, T cell-APC interactions at the disease site were associated with tolerance induction (30) . Our data are consistent with findings, in a multiple sclerosis model (4) , that suggest that T cell-APC interactions at the disease site can induce effector cytokine production. However, we further evaluated the role of these interactions as disease and tissue destruction progressed. Our resulting data show that, whereas effector cytokine is detectable in the presence of T cell-APC interactions at the disease site, it is temporally confined to the early-infiltration phase and is lost in highly infiltrated tissues, concurrent with the loss of stable T cell-APC interactions. This effect is at least partially dependent upon conditioning of the islet environment.
There are a variety of environmental and cell-intrinsic factors that could be contributing to the loss of sustained T cell-APC interactions. Reduced T-cell stopping and APC interactions do not appear to be dependent on the ability of the islet APCs to present antigen. However, we show that the population of islet APCs evolves as islet infiltration progresses (11) . Thus, the changes in T cell-APC interactions likely depend at least in part upon the subset and phenotype of the APCs. Loss of antigenspecific T cell-APC interactions in the draining lymph node in T1D can be a result of antigen-specific regulatory T-cell activity (25) or due to PD-1-PD-L1 interactions (27) . A variety of inhibitory receptor-ligand pairs, including but not limited to PD-1-PD-L1/PD-L2, CTLA-4-CD80/CD86, and LAG-3-MHC class II, could be influencing the ability of T cells to recognize their antigen in the islets (27, (31) (32) (33) . Our data suggest that these checkpoint receptors are not mediating the changes in the dynamics of T-cell restimulation. A variety of chemokines are up-regulated in the islet environment in response to infiltration (34) that could influence T-cell sensitivity to antigen receptor signaling (35, 36) . It is likely that the loss of T cell-APC interactions seen in our experiments may be a result of several mechanisms. Using two-photon microscopy of individual islets at different stages of disease has allowed us to identify how the behavior of T cells is altered between islets within the same animal depending upon the stage of infiltration. Because islet infiltration is an asynchronous process, it is important to recognize that the disease processes occurring within an individual pancreas differ from islet to islet. As a result, interventions might differentially affect individual islets depending upon their infiltration state. This approach allows us to evaluate the dynamic nature of disease progression within individual islets and assess how interventions affect islets at different stages of disease. Here, we have identified a restimulation event in the islets that leads to effector cytokine production. This restimulation step provides a potential node of intervention for preventing progression of islet infiltration and destruction.
Materials and Methods
See SI Materials and Methods for details.
Mice. The experimental procedures were approved subject to, and mice were handled in accordance with, the guidelines of the University of California, San Francisco and the National Jewish Health Institutional Animal Care and Use Committee. Two-Photon in Situ Islet Imaging and Analysis. Islet isolation was done as described (11) . During imaging, islets were maintained at 35-37°C in media saturated with 95% O 2 /5% CO 2 . Two-photon imaging was done using a custom-built instrument (37) or a four-channel Olympus FV1000MPE microscope (38) . Data were analyzed using Imaris (Bitplane) and MATLAB (Mathworks).
Detection of in Vivo IFN-γ Production. For detection of in vivo IFN-γ production, mice were treated with 10 μg/g body weight Brefeldin A (Sigma Aldrich) injected i.v. 4-6 h before harvest. Islets were dissociated with a nonenzymatic cell dissociation solution (Sigma-Aldrich), blocked, and stained for flow cytometry.
Calcium Imaging. CD11c
+ MHC class II hi DAPI -cells were sorted from spleen or islets. Sorted CD11c + cells were plated in fibronectin-coated wells with Fura-2AM-labeled, in vitro-activated OT-I T cells. Calcium flux was determined based on the ratio of Fura fluorescence at 340 nm/380 nm.
